ABSTRACT The objectives of this study were to determine if lengthening the time that soybeans (SB) spend in the extractor during preparation of soybean meal (SBM) results in increased relative bioavailability of phosphorus without negatively impacting true amino acid digestibilities, and to compare those modified SBM with that produced from a low-phytate SB. Three SBM were prepared under uniform conditions with the exception of the length of time SB spent in the extractor [45 min (300 rpm), 60 min (225 rpm), or 90 min (150 rpm)]. A SBM prepared from low-phytate SB was obtained for comparison. Relative phosphorus bioavailability in chicks and true amino acid digestibilities by cecectomized roosters were deter-
INTRODUCTION
More than 50% of all soybean meal (SBM) produced in the United States is utilized by poultry, primarily because of its high-quality protein content (Baker, 2000) . However, there are several antinutritional factors present in soybeans (SB) that prevent full utilization of some of the nutrients present. Heat processing to produce SBM results in inactivation or destruction of trypsin inhibitors and lectins. However, soy oligosaccharides and phytate are not destroyed during heating (Liener, 2000) . Phytate is a cyclic compound that contains 6 phosphate groups. Additionally, phytate can chelate several essential minerals, including Zn, Ca, Fe, and K, which prevents these minerals from being efficiently absorbed from the intestine (Liener, 2000) .
Addition of phytase to feed is a practice used to increase the amount of P available to the animal and, therefore, decrease the amount of supplemental P needed. Low- To whom correspondence should be addressed: gcfahey@uiuc.edu. 1555 mined. Increasing the length of time that SB spent in the extractor from 45 to 90 min resulted in lower phytate phosphorus and increased phosphorus bioavailability from 34 to 56%. However, this increase came at the expense of available lysine status, with the SBM extracted for 90 min containing less total lysine and less digestible lysine than the SBM extracted for 45 min (traditional extraction time). Phosphorus bioavailability from SBM prepared from low-phytate SB was 1.5 times higher than for SBM extracted for 45 min. Increasing the length of time that SB spend in the extractor led to an increase in bioavailable phosphorus but a decrease in bioavailable lysine, potentially negating the positive effect on phosphorus.
phytate SB also are available, but production of these SB is associated with lower yields and higher costs. Because both of these methods of providing higher amounts of available P from SBM result in an increased cost to the producer, it would be beneficial if changes in processing conditions could be made that result in higher amounts of available P from SBM. At the same time, it is important to ensure that any change in SBM processing does not result in a decrease in true amino acid availability.
The objectives of this research were to determine if lengthening the time that SB spend in the extractor during preparation of SBM results in increased relative bioavailability of P without negatively affecting amino acid digestibilities and to compare those modified SBM with that produced from a low-phytate SB.
MATERIALS AND METHODS

SBM
One source of SB was obtained and used in preparation of the 3 experimental SBM. The SB were processed into SBM under standardized processing conditions at the Texas A&M University pilot processing plant. Initially, the SB were cracked using two serrated Ferrel Ross Cracking Rolls (Ferrel Ross, Oklahoma City, OK) with a gap setting of 0.13 cm and roll speeds of 588 and 418 rpm for rolls 1 and 2, respectively. Then, the cracked SB were dehulled using the Kice Aspirator (Kice Industries, Wichita, KS) whereupon they were screened (Simco vibratory screener, Simco Manufacturing Co., LLC, Oklahoma City, OK) to remove whole SB and large hull particles. After this, the SB were heated to approximately 78°C in a French stack cooker and flaked using Bauer flaking rolls with roll speeds of 377 and 424 rpm for rolls 1 and 2, respectively. Then, the flakes were extracted using a Crown Model 2 extractor (Crown Iron Works Co., Minneapolis, MN) using hexane as the solvent at a temperature of 52°C. Next, the hexane solvent was removed and toasting was completed in a Crown desolventizer/toaster that contained 3 trays (top, middle, and bottom) with bed depths of 15.25 cm. Efforts were made to maintain similar temperatures across batches in the desolventizer/toaster. Average temperatures during desolventizing and toasting were 70, 100, and 121°C for the top, middle, and bottom trays, respectively.
The only variable that was changed in the process was length of time spent in the extractor. This was set at 45 min (300 rpm-traditional extraction time), 60 min (225 rpm), and 90 min (150 rpm), respectively, for the experimental treatment runs. The time spent in the extractor was lengthened by reducing the flow rate (in rpm) of the SB flakes through the extractor.
Additionally, a source of SBM prepared from a lowphytate SB grown at Purdue University (West Lafayette, IN) was obtained by Frazier Barnes and Associates (Memphis, TN) for comparison. No data on processing conditions used in the preparation of this SBM were available.
Chemical Analyses
Prior to analyses, SBM were ground through a 2-mm screen using a Wiley Mill (model 4 Thomas-Wiley, Swedesboro, NJ). A subsample of each SBM was further ground through a 0.5-mm screen prior to KOH protein solubility analysis. Soybean meal samples were analyzed for DM and organic matter according to AOAC (1995) . Crude protein was determined according to AOAC (1995) using a Leco Nitrogen/Protein Determinator (model FP-2000, Leco Corporation, St. Joseph, MI). Urease activity (AOCS, 1980) , KOH protein solubility (Araba and Dale, 1990a) , and protein dispersibility index (PDI; AOCS, 1980) were determined on SBM samples. Analysis of amino acid concentrations was conducted at the University of Missouri Experiment Station Chemical Laboratories using a Beckman 6300 amino acid analyzer (Beckman Coulter, Inc., Fullerton, CA) according to AOAC (1995) procedures. Samples were analyzed for total P (AOAC, 1995) and phytate-bound P. Phytate-bound P was determined by quantifying the phytic acid concentrations using the methods of Talamond et al. (1998 Talamond et al. ( , 2000 and quantified via HPLC with a Dionex DX300 gradient pump system using an ASRS suppressor and an OmniPac PAX-100 column (Dionex, Sunnyvale, CA). Nonphytate P was determined as the difference between total P and phytatebound P.
All procedures were performed in duplicate except for amino acids, which were performed in singles. To maintain quality control during chemical analyses, the error between duplicate samples was determined, and, if greater than 5%, the assay was repeated.
Relative P Bioavailability
New Hampshire × Columbian male chicks were used in the experiment. All animal procedures were approved by the University of Illinois Institutional Animal Care and Use Committee. The chicks were housed in thermostatically controlled starter battery cages with raised wire floors in an environmentally controlled room that had light provided continuously. From d 1 to 8 posthatching, chicks received a nutritionally complete corn and SBM starter diet (NRC, 1994) containing 23% CP and 3,100 kcal of ME/kg. On d 8 after hatching, following an overnight period of feed removal, chicks were weighed, wingbanded, and assigned to treatment groups so that their initial weights were similar among treatment groups. The average initial weight of the chicks was 84.3 g. Four replicate groups of 5 chicks each were fed experimental diets from 8 to 21 d of age. Feed and water were provided ad libitum. At the end of the experiment, all chicks were euthanized with CO 2 gas, and the right tibia bone was collected, autoclaved, cleaned, dried, weighed, and dryashed at 600°C to determine bone ash.
Eleven treatment diets were fed (Table 1) . Diet 1 was a P-deficient basal diet that provided a calculated 0.1% nonphytate P concentration. Diets 2 and 3 were the same as the basal diet but with an additional 0.05 and 0.10% P provided as KH 2 PO 4 , respectively. The SBM produced from low-phytate SB was added to diets 4 and 5 at concentrations of 8 and 16%, respectively. For diets 6 and 7, the same basal diet was supplemented with 9 and 18%, respectively, of SBM that was in the extractor for 45 min. For diets 8 through 11, the same 2 concentrations of SBM were used but with extraction times of 60 and 90 min. The KH 2 PO 4 and SBM were added at the expense of cornstarch and dextrose. Feed consumption, body weight gain, feed efficiency, and tibia bone ash expressed in milligrams per tibia and as a percentage of total tibia weight were measured.
Amino Acid Digestibilities
To determine true digestibility of amino acids in the SBM samples, the precision-fed rooster assay of Sibbald (1986) was used. Twenty Single Comb White Leghorn roosters that had been previously cecectomized (Parsons, 1985) were used. All surgical and animal care procedures were approved by the University of Illinois Institutional Animal Care and Use Committee. The roosters were housed in individual cages with raised wire floors in an environmentally controlled room. Feed was withdrawn from the roosters for 24 h prior to the experiment to remove any residual feed from the gastrointestinal tract. After the 24 h withdrawal, 4 roosters were crop-intubated with 30 g of each SBM sample, and excreta were collected for 48 h after intubation. To correct for endogenous amino acid excretion, excreta were collected from 4 cecectomized roosters that had been deprived of feed during the experimental period. All excreta samples were lyophilized, weighed, ground, and analyzed for amino acid concentrations, and true amino acid digestibilities were calculated.
Statistical Analysis
Data from the P bioavailability study were initially analyzed as a completely randomized design using the ANOVA procedure of SAS (SAS User's Guide, Version 9.1, SAS Institute, Cary, NC). Differences among treatments were assessed using the least significant difference test (Carmer and Walker, 1985) . Data were further analyzed by multiple linear regression by regressing tibia bone ash (mg/tibia) on supplemental P intake (mg/chick) from KH 2 PO 4 or SBM treatments. Bioavailability of P in SBM relative to KH 2 PO 4 as a standard then was estimated using the slope-ratio method (Finney, 1978) .
Amino acid digestibility data were analyzed as a completely randomized design using the mixed models procedure of SAS (SAS Institute Inc.). The model included the fixed effect of SBM fed. Means were compared using the Fisher protected least significant difference test.
RESULTS AND DISCUSSION
Chemical Composition of the Soybean Meals
Dry matter concentrations increased with increased time in the extractor (Table 2) . When expressed on a DM basis, organic matter concentrations were similar for all SBM. The SBM prepared from low-phytate SB had a higher CP concentration than those prepared from conventional SB. Total P concentrations were similar but slightly higher for the SBM prepared from the low-phytate SB. The SBM prepared from low-phytate SB had much lower concentrations of phytate P (0.14%) compared with SBM prepared from conventional SB (0.43 to 0.53%), resulting in a much higher nonphytate P concentration. Phytate P concentrations decreased and nonphytate P concentrations increased with increased time in the extractor, indicating that the extraction process resulted in the breakdown of a portion of the phytate. Similarly, Ologhobo and Fetuga (1984) noted decreases in phytate P concentrations of 11, 8, and 17% with cooking of cowpeas, lima beans, and soybeans, respectively.
Protein quality indices also are presented in Table 2 . Soybean meal prepared from low-phytate SB and SBM retained in the extractor for 90 min had much lower PDI values, expressed as a percentage of CP, than those SBM prepared with extraction times of 45 or 60 min. Batal et al. (2000) showed that when SB flakes were autoclaved, the pellet durability index (PDI) value decreased to 45% and was associated with increased growth of chicks compared to SB flakes that were not autoclaved (underprocessed) and with a PDI value of 63%. The PDI values determined for the SBM in the current study were much lower than 45%, and, therefore, they were not considered to be underprocessed; however, the value for the SBM prepared from the low-phytate SB (8%) and that extracted for 90 min (7%) suggest possible overprocessing. Additionally, protein solubility in KOH was 6 to 11 and 26 to 31 percentage units lower for the SBM prepared from the low-phytate SB and the SBM retained in the extractor for 90 min, respectively, compared with those retained for 45 or 60 min, again indicating potential overprocessing of these 2 meals. In chick studies, a growth depression was reported when animals consumed SBM that was underprocessed and had a protein solubility in KOH greater than 85% (Araba and Dale, 1990b ) and when chicks consumed SBM that was overprocessed and had a protein solubility less than 70% (Araba and Dale, 1990a) . The acceptable range of change in pH units for urease activity is generally 0.05 to 0.20 (Parsons, 2000) , with urease values >0.2 reflecting underprocessed SBM and insufficient inactivation of trypsin inhibitor activity. The SBM extracted for 45 min had 0.26 units change in pH, indicating that it may be slightly underprocessed. Similar to CP concentration data, SBM produced from the low-phytate SB contained higher concentrations of many of the individual amino acids as well as total essential amino acids, total nonessential amino acids, and total amino acids compared with the conventional SBM (i.e., SBM in the extractor for 45 min; Table 3 ). The conventional SBM treatment had slightly lower concentrations of total nonessential amino acids and total amino acids than did the SBM retained in the extractor for 60 or 90 min. The SBM extracted for 90 min had lower concentrations of lysine than did those extracted for 45 or 60 min. This result may be due to a partial destruction of the lysine during heating as the protein quality indices indicated overprocessing. During overprocessing, Maillard products are formed, and lysine is the amino acid most susceptible to destruction.
Relative Bioavailability of P
Feed intake and weight gain increased with increased concentrations of P or SBM (Table 4) . There was also a linear increase in gain:feed with increased P concentrations from KH 2 PO 4 , SBM prepared from low-phytate SB, and SBM extracted for 90 min.
There was a linear increase in tibia ash for chicks fed all treatments. For chicks fed SBM prepared from lowphytate SB, the tibia ash response exceeded the KH 2 PO 4 standard curve response. However, statistical tests (Finney, 1978) showed no curvilinearity or lack of uncommon intersection effect, indicating that it was valid to include data from chicks consuming the highest concentration of the SBM prepared from low-phytate SB in the multiple regression. This finding would be expected as previous research in our laboratory showed that the response in tibia ash is linear up to 0.2% supplemental P for chicks of the same age (Augspurger et al., 2003; Augspurger and Baker, 2004) . Means within a column lacking a common superscript are significantly different (P < 0.05). Extracted for 60 min.
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Extracted for 90 min.
Relative P bioavailability in SBM increased approximately 23 percentage units with increased time in the extractor (Table 5) , which allows for longer exposure to mild heat. Similarly, increased heat processing resulted in greater P bioavailability from distillers dried grains with solubles, with an increase from 75 to 87% when distillers dried grains with solubles was autoclaved (Martinez Amezcua et al., 2004) . However, P bioavailability from conventional SBM was significantly less than the bioavailability of P from SBM prepared from low-phytate SB. In fact, the SBM produced from low-phytate SB was almost 50% higher in P bioavailability compared with the highest bioavailability achieved for SBM that spent various times in the extractor. The increases in P bioavailability are largely due to decreased phytate concentrations of the SBM. A decrease in analyzed phytate P was noted with increased time spent in the extractor. Heat treatment of sorghum and pigeon peas resulted in partial destruction, or reduction in content, of phytate (Mahgoub and El Hag, 1997; Duhan et al., 2002) . Phytate concentra- Table 5 . Relative bioavailability and bioavailable concentration (%) of P in soybean (SB) meal prepared using low-phytate SB or conventional SB processed at different retention times in the extractor Means within a row lacking a common superscript are significantly different (P < 0.5).
1 Calculated as total P concentration multiplied by the relative bioavailability coefficient.
tions of SBM also were decreased with pressure cooking (Ologhobo and Fetuga, 1984) .
By decreasing the amount of phytate present in SBM, a larger proportion of P and potentially other minerals are rendered more available to the animal. Currently, addition of phytase to SBM has been the most effective way to improve P bioavailability from SBM. Phytases catalyze the dephosphorylation of phytic acid. Nasi et al. (1999) demonstrated that release of P by use of Trichoderma reesei phytase continued over 3 h of incubation and resulted in the release of 3 mg of P/g of DM at pH 2.5. Multiple studies have noted increased P digestibility and bioavailability with phytase supplementation (Jongbloed et al., 1992; Biehl et al., 1995; Traylor et al., 2001) . Although phytase supplementation has been proven to be effective in improving P bioavailability, phytase supplementation increases feed costs to the producer that may be reduced if processing methods resulting in improved P bioavailability are employed.
Bioavailable P concentrations (based on relative P bioavailability) in the SBM were similar to calculated concentrations of nonphytate P for all SBM except those processed in the extractor for 60 and 90 min, in which the analyzed nonphytate P was slightly lower than the bioavailable P concentration based on in vivo data. This difference may be due to the fact that analyzed nonphytate P concentrations are determined as a result of subtraction of phytate P from total P, potentially resulting in increased variation. These results suggest that analytical techniques for determining nonphytate P are good indicators of P concentrations available to the animal.
Amino Acid Digestibilities
Although statistically significant differences were noted among treatments in amino acid digestibilities, no Within a row, means without a common superscript differ (P < 0.05).
1 SEM = pooled standard error of the mean.
clear pattern was evident (Table 6 ). In general, digestibility coefficients were high and within a relatively narrow range. Total essential, total nonessential, and total amino acid digestibilities were highest for roosters fed the SBM extracted for 45 min and lowest for the SBM extracted for 60 min. Lysine and histidine digestibilities by roosters fed SBM extracted for 45 min were higher than for roosters fed any of the other SBM, perhaps due to differences in destruction of these amino acids during processing. A linear decrease in cystine digestibilities also occurred with increased extraction time. However, a similar pattern was not noted in digestibilities of other amino acids. Generally, when SBM is overcooked, the most notable decrease in amino acid digestibilities is with lysine. When comparing undercooked, properly cooked, and overcooked SBM, Anderson-Haferman et al. (1992) and Parsons et al. (1992) noted an average decrease of 20 percentage units in lysine and cystine digestibilities in overcooked SBM compared with properly cooked SBM but no differences in methionine or threonine digestibilities. Histidine, like lysine, is susceptible to the Maillard browning reaction (Hurrell, 1990) . A decrease of 15 percentage units was noted in histidine digestibility by roosters when canola meal was autoclaved for 60 vs. 0 min (Anderson-Haferman et al., 1993) . Decreases in amino acid digestibilities were not as drastic in the current study compared with other literature, probably because the temperature in the extractor was not extremely high (average 52°C). More time spent in the extractor at lower temperatures, however, may have allowed for the Maillard reaction to take place as evidenced by the decreased lysine concentration and digestibility for SBM extracted for 90 min.
The SBM prepared from low-phytate SB also had lower digestibilities of lysine and histidine than did the SBM extracted for 45 min. The protein quality indices indicated that this SBM may have been slightly overprocessed, and the in vivo digestibility data support this. Because no information was provided on processing conditions used in the preparation of this particular SBM, it is impossible to contrast data obtained from this treatment with data obtained for the control treatment (SBM extracted for 45 min). Potentially, with proper processing, SBM prepared from low-phytate SB may result in amino acid digestibilities comparable with those obtained with conventional SBM while maintaining a higher relative P bioavailability.
Increasing the length of time in the extractor from 45 to 90 min resulted in an improvement in P bioavailability. However, this increase came at the expense of the available lysine content, with the SBM extracted for 90 min containing less total lysine and having a lower lysine digestibility than the SBM extracted for 45 min. The increase in P bioavailability probably does not offset the decrease in protein quality noted by low KOH solubility and PDI values. Phosphorus bioavailability from SBM prepared from low-phytate SB was 1.5 times higher than from SBM extracted for 45 min (traditional extraction time) but also may have had slightly lower protein quality compared with this SBM, perhaps due to overprocessing as indicated by KOH solubility and PDI values. The effects of altering processing conditions on P bioavailability need to be examined further. The potential to increase availability of P and possibly other minerals found in SBM through alterations in processing conditions appears to be high. At the same time, it is important to ensure that increases in availability of one nutrient are not offset by decreases in nutritive value of other key nutrients.
